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Abstract
Current T1 values for blood at 3T largely came from in vitro studies on animal blood or freshly
drawn human blood. Measurement of blood T1 in vivo could provide more specific information,
e.g. for individuals with abnormal blood composition. Here, blood T1 at 3T was measured rapidly
(< 1min) in the internal jugular vein using a fast inversion-recovery technique in which multiple
inversion time can be acquired rapidly due to constant refreshing of blood. Multi-shot EPI
acquisition with flow compensation yielded high resolution images with minimum partial volume
effect. Results showed T1 = 1852 ± 104 ms among 24 healthy adults, a value higher than for
bovine blood phantoms (1584 ms at Hct of 42%). A second finding was that of a significant
difference (P < 0.01) between men and women, namely T1 = 1780 ± 89 ms (n = 12) and T1 = 1924
± 58 ms (n = 12), respectively. This difference in normal subjects is tentatively explained by the
difference in Hct between genders. Interestingly, however, studies done on sickle cell anemia
patients with much lower Hct (23 ± 3%, n = 10) revealed similar venous blood T1 = 1924 ± 82 ms,
indicating other possible physical influences affecting blood T1.

Keywords
in vivo blood T1; inversion recovery; internal jugular vein; sickle cell anemia

Introduction
Knowledge of the absolute value of the longitudinal relaxation time (T1) of blood is
important for many quantitative MRI applications, including determination of cerebral blood
flow (CBF) using arterial spin labeling (ASL) (1–4), calculation of the inversion time (TI) in
vascular space occupancy (VASO)-dependent fMRI (5), and estimation of kinetic
parameters (permeability and volume of distribution) in dynamic contrast-enhanced MRI
(6).

Corresponding Author: Qin Qin or Peter C.M. van Zijl, Johns Hopkins University School of Medicine, Dept. of Radiology, 217
Traylor Bldg, 720 Rutland Ave, Baltimore, MD, 21205, qin@mri.jhu.edu or pvanzijl@mri.jhu.edu, Tel: 443-923-9511, Fax:
443-923-9505.

NIH Public Access
Author Manuscript
Magn Reson Med. Author manuscript; available in PMC 2012 May 1.

Published in final edited form as:
Magn Reson Med. 2011 May ; 65(5): 1297–1304. doi:10.1002/mrm.22723.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



We have previously studied the T1 of bovine blood at 3T using an in vitro circulation system
under physiological conditions. This has the advantage of allowing measurement of T1 as a
function of hematocrit (Hct), oxygenation, and temperature (7). Similar to studies at lower
fields (8–10), increased Hct and reduced temperature cause a reduction in blood T1.
Contrary to lower field, T1 was slightly higher in arterial than in venous blood.

Measurements in physiological phantoms on animal or human blood are useful to show
trends and find approximate T1 values, but are unlikely to be identical to in vivo conditions
due to several issues, including the need to add an anticoagulant (salt or heparin) and the
formation of methemoglobin (MetHb) (11), which is more paramagnetic than deoxygenated
hemoglobin. On the other hand, measurement of T1 in vivo is complicated by the small size
of microvascular blood vessels, the rapid flow of blood in larger vessels, and the variation in
Hct between different types of blood vessels.

T1 measurements on static spins using conventional inversion recovery (IR) are known to be
reliable but lengthy, because data at only one TI is acquired per TR. The total measurement
time is thus proportional to TR times the number of TIs (NTI). The Look-Locker sequence
(12) is a popular fast T1 mapping technique that utilizes several small-flip-angle excitation
pulses in one TR, which consequently sacrifices signal-to-noise ratio (SNR). However, T1
measurement on fast flowing spins can be much more efficient. In large vessels, the in-
flowing blood in the imaging slice does not experience the previous slice-selective
excitation pulses. Data with multiple TIs can thus be acquired during a single TR. Therefore,
the total duration for blood T1 measurement does not need to be proportional to NTI.

This idea has previously been demonstrated in renal arteries and veins for evaluating kidney
extraction fractions (13,14). Recently, it was applied to measure T1 in the posterior sagittal
sinus (PSS) (15,16). Here we apply this approach to the internal jugular vein (IJV), which
has the advantage of 1) allowing a much larger region of interest (ROI) and thus reduced
partial volume effect with the static tissues; 2) minimizing the possibility that blood spins
excited at the rest of the imaging slice at earlier TIs to drain through the ROI later, affecting
the simple inversion recovery model.

Methods
Pulse Sequence

In Figure 1, the pulse sequence diagram for measuring T1 in the flowing blood (13,14,16) is
described. It is composed of a non-selective (NS) inversion pulse followed by an initial
waiting time TI(1) and series of NTI slice-selective (SS) 90° excitation pulses separated by a
short time interval (ΔTI). It is assumed that all spins entering the imaging slice have
experienced the inversion pulse, i.e. the transmit coil should be sufficiently large and the
overall blood flow over arteries, microvessels, and veins sufficiently slow. This can be
achieved for the brain when using body coil excitation and using the fact that the transit time
from carotids to jugulars is about 5 – 10 s (17). When ΔTI is longer than a threshold
determined by the slice thickness (THK) and through-plane flow velocity (v), ΔTI > THK/v,
the spins in the imaging slice will have been replenished by incoming ones that have
experienced the NS inversion, but none of the previous SS excitations. Thus, these spins will
be excited by the nth SS pulse at inversion time (TI(n) = TI(1) + (n − 1) × ΔTI, n = 1, 2, …
NTI). EPI-compatible first-order flow compensation (FC) gradients are used to reduce the
phase loss caused by through-plane flow (18). For each gradient-echo EPI readout train
(ACQ), using SENSE and multi-shot (Nshots) acquisition, only a fraction of k-space is
sampled to shorten the echo time to minimize image distortion and flow-based spin loss. The
same fractions of the k-space are sampled with different TIs after each inversion. Using a
rapid series of excitation pulses, static spins will be saturated and show little background
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signal. It is worth noting that the proposed sequence without the NS inversion pulse is
essentially a 2D Time-Of-Flight (TOF) MRA technique (19), with its short TR the same as
ΔTI here.

Data acquisition
All experiments were performed on a 3T Philips Achieva scanner (Philips Medical Systems,
Best, The Netherlands) using the body coil for transmission and an 8-channel head coil for
reception. 24 healthy adult volunteers (age: 35 ± 11 yrs; range: 24 – 63 yrs; 12 females and
12 males), 10 sickle cell anemia patients (age: 11 ± 2 yrs; range: 8 – 15 yrs; 5 females and 5
males) and 8 sibling controls (age: 12 ± 2 yrs, range: 9 – 14 yrs; 4 females and 4 males)
were enrolled, all of who provided informed written consent (and assent for children) in
accordance with local Institutional Review Board. Several volunteers were studied for
parameter optimization.

As part of scan planning, a phase contrast MRA (PCA) survey image was acquired in the
coronal plane to visualize the location of IJVs and other major neck vessels, including
Internal Carotid Arteries (ICA), External Carotid Arteries (ECA), and Vertebral Arteries
(VA). Subsequently, a sagittal PCA survey image was acquired on the dominant IJV. Both
PCA survey scans used a 50 mm slab, TR/TE = 20/5.8ms, FOV = 250 × 250 mm2, and a
scan matrix of 256 × 128 (acquisition time: 20s for 2 averages). Then, phase contrast
velocity measurements were performed on a 5 mm axial slice, positioned perpendicular to
the targeted IJV about 15 mm below the superior bulb (Figs. 2a, b, c). This location was
chosen for the large cross-sectional area of the IJV. Acquisition parameters: TR/TE =
15/9ms, 5 dynamics, FOV = 128 × 128 mm2, acquisition matrix = 128 × 128 (reconstruction
256 × 256). The total acquisition duration was about 30 sec. For some scans of healthy adult
subjects, a comparison study was conducted using gating by a Peripheral Pulse Unit (PPU)
triggered with 15 phases per RR period, taking 1.5 min per average. The encoding velocity
was set to be 40 cm/s for both of these quantitative flow scans.

For the IJV blood T1 measurements, the experimental parameters were: FOV = 200 × 150
mm2, acquisition matrix = 192 × 132, with left-right being the phase encoding direction. In-
plane resolution after reconstruction was 0.78 × 0.78 mm2. Since T2

* of venous blood at 3T
is about 20 ms (20) and the field inhomogeneity in this region is challenging due to tissue-
air susceptibility difference, it is essential to have a short echo time (TE) to reduce signal
loss and a short acquisition window to minimize image distortion. Also, one wants to
minimize the distance over which spins flow in and out of the slice, which, when large, may
affect signal quantification. The acquisition window for each subset of k-space (EPI factor
(ky lines) = 11) was slightly less than 20 ms. When including flow compensation (FC) and
acquiring symmetric with respect to the readout train, TE = 15 ms. The full k-space at each
TI was acquired with a 6-segment gradient echo EPI (Nshots = 6), with SENSE acceleration
factor = 2. Adiabatic NS 180° inversion was performed using a hyperbolic secant pulse (21)
of length 10 ms, peak power 13.5 μT, and bandwidth 1250 Hz. After inversion pulse and a
spoiling gradient, the first acquisition was taken at TI(1) = 50 ms (shorter delay caused some
eddy current artifacts) and the rest of acquisitions were taken at an interval ΔTI = 200 ms.
Using NTI = 50 acquisitions, TR was 9850 ms (≈ 10 s) for the 6 shots, leading to a total
acquisition time of about 1 min.

To acquire proper inversion recovery curves from the flowing blood, it is crucial to invert all
blood within body transmit coil (brain + neck and upper torso) before it drains through the
IJV. Although the adiabatic 180° pulse used for inversion is expected to be insensitive to B1
inhomogeneity, it will only function above the adiabatic RF power threshold (B1) and within
its bandwidth. The current bandwidth for inversion was 1250 Hz, which may make the
inversion profile sensitive to B0-inhomogeneity and thus to shimming. To properly setup the
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scan, it is therefore essential to shim on the whole volume within the transmit coil and not
only on the local slice acquired for acquisition. The effect of such partially non-selective
inversion was therefore examined for different areas of the brain (top, middle, and bottom,
all above the IJVs) by using the same NS 180° pulse and either adjusting both first and
second order shims locally (around excitation slice only) or only 1st order shims locally
following a global shim. Four subjects with left and right IJVs similar in orientation and
sizes were chosen to first inspect the correspondence of measured blood T1s from the two
vessels. The same T1 results are expected from the left and right IJVs of the same subject.

To determine an appropriate TR value and slice thickness, 6 volunteers were scanned with
TR = 5, 7.5, and 10 s, using NTI = 25, 37, and 49, and total acquisition times of 30, 45, and
60 s, respectively. Both 5 mm and 10 mm slice thickness were used for each TR, while all
other imaging parameters were kept the same.

For the rest of the study, TR = 10 s and a slice thickness of 5 mm were used on an extended
total of 24 healthy adult subjects (12 females, age: 37 ± 12 yrs, range: 24 – 62 yrs; 12 males,
age: 33 ± 10 yrs, range: 24 – 63 yrs).

In a separate group of subjects recruited for a sickle cell study, individual Hct of both
patients and sibling controls were measured: 10 sickle cell patients (5 females, age: 11 ± 1
yrs, range: 10 – 13 yrs, Hct: 23 ± 4%; 5 males, age: 10 ± 3 yrs, range: 8 – 15 yrs, Hct: 24 ±
3%) and 8 sibling controls (4 females, age: 11 ± 2 yrs, range: 9 – 13 yrs, Hct: 37 ± 2%; 4
males, age: 13 ± 3 yrs, range: 9 – 14 yrs, Hct: 40 ± 4%). Motion artifacts were sometimes
observed with children right after the acquisition. Another data set would be obtained
immediately to replace the corrupted data, after instructing the young subjects to stay still.

Data Analysis
Matlab 7.0 (MathWorks, Inc., Natick, MA, USA) was used for data processing. A ROI at
the targeted IJV was manually drawn from the image acquired at the longest inversion time,
TI(NTI). The selected ROI was transferred to all other images in the set of NTI images. All
the images obtained at each TI with the ROI depicted were quickly reviewed to identify any
shift of the ROI during the acquisition. Selected ROIs consistently covered the IJV
throughout the TIs in each data set and no obvious shift was observed.

Within the selected ROI, the signal intensities (after magnitude processing) of each pixel
were fitted as a function of TI using a 3-parameter model:

[1]

The initial magnitude S0, the inversion degree α, and the blood T1 were fitted using the
nonlinear-least-square algorithm of Matlab. The inversion degree was always restricted to be
less than 1.0 and was found to be between 0.95 and 1.0 from all the fitting results. For
individual measurements, the standard errors of the estimated T1s fitted from ROI-based
mean values are reported. For a group of measurements, the mean and standard deviation
(sd) of the averaged T1s over all subjects are calculated.

Results
Figs. 2a–c show typical imaging slice positions for the blood velocity measurement at the
IJV, as chosen based on the scout images of anatomy and angiography. In an anatomical
image of the chosen slice (Fig. 2d) significant asymmetry in the size of the IJVs is observed,
as previously described (22). A quantitative velocity map (in cm/s) measured using phase
contrast angiography is shown in Fig. 2e. Compared to the carotids (bright), the jugulars

Qin et al. Page 4

Magn Reson Med. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(dark) have larger cross-section areas and flow slower with opposite direction. The dark
regions inside the carotids are from aliasing due to the local blood velocity exceeding the
encoding velocity, 40 cm/s in this study. In some scans, the averaged velocities from the
ROIs of the dominant IJVs were compared between flow measurements with PPU triggering
(1.5 min) and without (0.5 min). Results observed during the 15 phases of an R-R interval
triggered by PPU showed some pulsation effects and ranged from 5 cm/s to 35 cm/s at
different cardiac phases (similar with results in a Doppler ultrasound study (23)). These had
the same average velocities as when measured using 5 dynamics without PPU triggering
(Figure 2f). The velocity measurement without PPU triggering was therefore used on the
remaining subjects. Average blood velocities in the IJVs were comparable for adult men and
women, 16 ± 4 cm/s and 16 ± 3 cm/s, respectively. Sickle cell patients presented faster flow
velocity in the IJVs (31 ± 4 cm/s) compared to sibling controls (23 ± 7 cm/s) (two-tailed
Student t-test: P = 0.03).

The data in Fig. 3 show the effect of incorrect inversion on the T1 measurements, Figs. 3e
and 3f show the T1 recovery curves when using higher order shimming on the local slice and
when using global higher order shimming and only first order shimming locally,
respectively. There is a clear left/right difference in Fig. 3e and both left and right T1 values
are much lower than in Fig. 3f. The reason is that when shimming locally with higher orders,
the field adjustment may be totally off for other parts of the brain, moving the water proton
frequency in such regions outside the bandwidth of the adiabatic inversion pulse. This effect
is illustrated anatomically in Fig. 3c. When shimming globally with higher orders and
followed by local adjustment with only linear shims, the inversion image looks much better
(Fig. 3d). These results make sense because the success of the T1 approach is dependent on
the correctness of the assumption that all spins participating have experienced proper
inversion. As the measurement is done over a period of 5 – 10 s, this means that most spins
in the coil volume have to be inverted.

Table 1 shows the averaged blood T1s of 6 subjects for three repeated measurements, when
varying TR (5 s, 7.5 s, 10 s) and slice thickness (5 mm, 10 mm). With the same TR and
THK, the three repeated measurements over 60 min period did not differ more than 100 ms
(max-min). This variation could be due to physiological status of each subject (e.g. drinking
of water before the experiment) (24) or measurement error. The results were fairly
consistent among 3 × 2 × 3 = 18 T1s for each of 6 subjects being less than 3.5% (sd/mean).
The ranges of the measurements for each individual were all less than 200 ms (max-min).

The individual blood T1s measured for 24 healthy adults using TR = 10 s and 5 mm slice
thickness are listed in Table 2. Significant differences in T1 values (two-tailed Student t-test:
P < 0.01) were observed between female subjects (T1, IJV = 1924 ± 58 ms, n = 12) and male
subjects (T1, IJV = 1780 ± 89 ms, n = 12). The averaged blood T1 of all 24 subjects was 1852
± 104 ms.

For sickle cell patients (Hct = 23 ± 3%, n = 10), the averaged T1, IJV was 1924 ± 58 ms, in
the range of those values of the sibling controls (females: T1, IJV = 1986 ± 70 ms, n = 4;
males: T1, IJV = 1848 ± 66 ms, n = 4), and no significant difference between genders was
found (P = 0.66), as opposed to the sibling controls (P = 0.02).

Discussion
It is shown that blood water T1 in the internal jugular veins can be determined efficiently in
vivo using an approach in which water spins in the upper torso and brain are inverted using a
body coil, followed by rapid measurement of the blood signal recovery (every 200 ms) as a
function of time after inversion while using 90° slice excitation pulses. The latter was
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possible by using the inflow of fresh blood into the slice, in a manner similar to that
previously demonstrated for the kidney (13,14) and the sagittal sinus (15,16). The jugular
vein is actually quite optimal for this determination because of both its relatively large cross-
sectional area (compared to the ICA) and fast through-plane flow velocity (compared to the
sagittal sinus). Due to the relatively straight path of this vein, as compared to the sagittal
sinus, it is also possible to use a large slice thickness. Finally, the background signal is
efficiently saturated due to the rapid succession of 90° pulses. Even when some partial
volume effects occur between tissue and blood, this will cause the same relative blood signal
loss for each inversion time point and thus not contribute to the fitted T1.

The results in Table 2 show that the T1 values measured in vivo, 1924 ± 58 ms in 12 women
and 1780 ± 89 ms in 12 men, are about 10–20% longer than previously measured (1584 ms)
for typical Hct (42%) and oxygenation (60–69%) using in vitro bovine blood under
physiological conditions (pH, temperature) (7). Bovine blood was used before because it is
readily available and has similar physiological properties as human blood (25). However,
the numbers given in this report are very close to a recent work measuring in vitro human
blood at 3T (1932 ± 85 ms (26)) and two recent in vivo fast measurements on PSS (1862 ±
105 ms in 4 females and 1755 ± 126 ms in 4 males respectively (15), and 1717 ± 39 ms in
total of 3 females and 4 males (16)). In another study of the field dependence of in vivo
tissue T1, blood T1s were well fitted by an empirical function 1.315(B0)0.34 for B0 field
between 0.2T to 7T (27), which gives blood T1 = 1911 ms at 3T, also very close to our
results. As such, it seems that these longer in vivo human T1 values may be more appropriate
to use for ASL and VASO experiments than our previous in vitro bovine blood numbers.

Technical Considerations
The validity of the approach is based on the correctness of several assumptions. The first is
that all water spins are properly inverted by the non-selective adiabatic 180° pulse. This
seems easy when using a body coil for excitation, but it was shown that care has to be taken
to properly shim the body volume contained within the excitation coil, especially the brain,
to assure that all resonance frequencies are within the bandwidth of the inversion pulse.
Such global shimming can employ higher order shims, while the use of higher order shims
on just the measurement slice should be avoided as such local shimming can cause large
changes in the field remote from the slice, as demonstrated in Fig. 3.

The transit time of water through the human brain has been measured using ultrasound bolus
tracking (17). Defining the global Cerebral Circulation Time (CCT) as the transit delay time
between blood passing through the ICA and the ipsilateral IJV, Schreiber et al. (17) found
CCT to be about 5.3 ~ 10.1s in normal adults, which is on the order of magnitude of the
inversion times used. So most spins within the large coil volume will contribute (also those
exchanged from tissue). Therefore, with our approach and depending on TR, the
magnetization of blood will be either fully-relaxed (TR = 10s) or in steady-state (at shorter
TR values). With longer TR, some noninverted blood may arrive at the IJV ROI at the later
TIs, when the inverted blood are also close to fully recovered; with shorter TR, some blood
may experience two inversion pulses and their magnetization would differ from the single
inversion model. It is important to realize that this may vary in disease. For instance,
patients with cerebral arteriovenous malformation are expected to have much shorter CCT
(~ 1.5 s) due to a high arteriovenous shunt volume (17). In our approach, the maximum
length of TI that can be used basically depends on the availability of inverted spins, which
would be much shorter for such patients.

The second essential assumption for this T1 approach to be correct is that the blood signals
sampled at each TI are not affected by any of the slice-selective excitation pulses of the
preceding TI points. This might not hold true in two scenarios: a. if there were remaining
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blood within the coil volume that has not flowed out of the ROI during ΔTI. As we used the
head coil and we waited 200ms between sample points, we do not expect this to be a
problem. b, if some blood in another part of the imaging slice would be excited, circulate
through the cerebral vascular network, and then drained through the ROI at a later
acquisition time. Both effects would shorten the measured blood T1. Notice that when using
only a slice through the PSS for the T1 measurement, the frontal sagittal sinus or other big
veins in the same imaging slice might be repeatedly excited and eventually drain through the
occipital sagittal sinus. This may explain the slightly shorter T1s reported in two recent
studies using the same technique on the PSS (15,16).

The proposed method was carried out employing first-order flow compensation gradients
before acquisition, which assumes constant flow velocity in IJV during the 20 ms subset k-
space acquisition window. This seems to be a valid assumption, given the slow-changing
pulsatile flow patterns of IJV, as observed in this study (Figure 2f, top). Another aspect of
pulsatile flow is that the slower velocities at certain cardiac phases maybe below the
threshold velocity to induce signal loss. Longer ΔTI or smaller slice thickness would be
needed to mitigate this effect. For turbulent flow presented in some diseases, cardiac gating
might be necessary to improve the accuracy of this method (28), with the penalty of longer
acquisition time.

Our T1 approach seems especially suitable for draining veins, but less for feeding arteries,
which are refreshed at very high speed. However, if one can invert sufficient torso blood
signal to be able to reach the sign reversal point in the recovery curve, it may be possible to
estimate T1 just based on the zero point. Sampling can be done at higher temporal resolution
as the flow is high, but it has to be kept in mind that arterial T2* is relatively long and that
ΔTI can thus not be too short as signal excited in the slice will flow into the brain and may
be detected by the receiver coil. Since arterial blood water T1 was found to be only about
100 ms higher than venous blood water T1 at 3T in phantoms (7), T1 measured at IJV could
be used to estimate the arterial value.

With the knowledge of the global CCT (> 5 s) and jugular blood velocity (> 5 cm/s), TR =
10 s, ΔTI = 200 ms and slice thickness = 5 mm were chosen as optimal parameters for this
method. The total measurement time of our sequence is the product of TR and number of
shots. It currently takes up to 1 min (TR: 10 sec; Nshots = 6) to obtain the IR curves during
each acquisition. This time can be reduced further when used for measuring T1 after
administering contrast agents.

Physiological Considerations
Relaxation times are easy to reduce due to experimental error or paramagnetic
contamination, thus it is reasonable to conclude that the longer values found in vivo are
probably correct, and it is necessary to analyze what may be causing the lower T1 numbers
in phantoms. T1 is not very sensitive to oxygenation, so the 69% in the phantom versus
about 60–64% in vivo is probably not relevant, especially because higher oxygenation would
lengthen T1 (7,9,10). T1 is strongly dependent on Hct, as known from the experimentally
determined dependence for the physiological phantom (7) at 3T:

[2]

For a typical range of physiological Hct values between 36% and 46%, this gives T1
numbers ranging from 1727 to 1511 ms, low compared to our human data. Thus, it seems
that additional factors should be at play to cause the difference between bovine blood
phantoms and human blood. The first that comes to mind is the sample preparation. When
using ex vivo blood, an anti-coagulation agent has to be added, either heparin or sodium
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citrate. Lu et al. (7), used 20 mM of the latter, which could potentially have some
paramagnetic contamination. Another issue with ex vivo blood is the formation of MetHb
(11), which is more paramagnetic than hemoglobin. Lu et al. kept the MetHb concentration
below 1.5%, but this likely is much lower in vivo (0.64% for normal adults (29), and in
another study (30), 0.3% in venous blood for people with sickle cell anemia, 0.24% for
African-Americans without sickle cell disease). More studies will be needed to investigate
the origin of this difference.

Another difference that occurs between phantoms and subjects is that in vivo blood water T1
probably has a likely contribution from tissue T1. The reason is that, for the longer inversion
times, some venous blood water originates from tissue water that exchanged with blood
water in the capillaries and is subsequently drained through the veins. Nevertheless such a
contribution will only reduce T1 and can thus not explain the increased values found. CSF
also drains into venous blood through the arachnoid space and it does have much longer T1
(4400 ms (27)), which could increase the measured jugular T1. However, with a rather slow
formation rate (0.35 ml/min (31)), less than 0.01 ml of water of CSF would drain into the
total venous blood per second, which is too small to have an effect compared to a typical 30
ml venous blood volume (assuming a 75 Kg adult, 2% of brain mass and 2% of cerebral
venous blood volume (31)).

Interestingly, a large (~ 10%), statistically significant (P < 0.05), difference was found
between T1 numbers measured in males and females. The female values are longer than the
male ones, which may be due to a lower average Hct in women. The literature range for Hct
in women versus men is 36% ~ 44% versus 41% ~ 50% (32). Bovine phantom data indicate
that a difference in T1 of 150 ms corresponds to about 0.075 difference in average Hct,
which seems large but not unreasonable. Perhaps the Hct dependence of T1 is stronger in
vivo than in vitro, but this is hard to test unless direct sampling is done from the jugular
veins of the volunteers studied.

The T1s measured for participants with sickle cell anemia were not higher than those found
for the sibling controls, which were comparable to the normal controls for men and women.
This equivalence seems impossible when only considering Hct and this finding suggests
influence of the variant sickle hemoglobin or cell shape on the T1 relaxation mechanism.
Sickled red blood cells might further enhance the longitudinal relaxation in whole blood,
compared to the normal blood cells, thus canceling the slower relaxation effect due to the
lower Hct.

Conclusions
We have shown that blood T1 values can be measured efficiently in vivo (within 1 min)
exploiting the inflow of fresh blood into the jugular veins. The resulting T1 numbers were
about 20% longer than those from physiological phantoms, which indicate a need to obtain
more accurate values by performing measurements in vivo or by improving the experimental
conditions for phantoms. The proposed fast method can be performed in combination with
ASL, VASO, or dynamic Gd experiments for a subject-based blood T1 determination, which
is important based on the strong dependence of T1 on Hct and the possibility of different T1s
in patients with blood abnormalities.
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Fig. 1. Pulse sequence diagram for measuring T1 of flowing blood
Following a non-selective (NS) 180° inversion pulse, a series of NTI slice-selective (SS) 90°
excitation pulses with short time intervals (ΔTI) are applied within one TR to sample the
inversion recovery curve. THK = slice thickness; v = blood velocity; TI(1): initial TI value;
FC: Flow Compensation gradients; ACQ: acquisition using segmented EPI readout train. It
takes Nshots times to obtain the full k-space of each image at different TIs.
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Fig. 2. Typical localizer images and blood velocity measurements for the internal jugular veins
(IJVs)
a: anatomical scout image. b, c: angiographic scout images obtained using phase contrast
MRA. The orange rectangle indicates the imaging slice for blood velocity measurements
chosen perpendicular to the IJV. The green box is the localized shimming box (linear shims
only). d: anatomical image of the selected slice, showing IJVs, internal carotid arteries
(ICAs), external carotid arteries (ECAs), and vertebral arteries (Vas). e: quantitative velocity
map (units of cm/s) for the selected slice. f: velocities measured with PPU triggering (top)
and without triggering (bottom) for one of the healthy adult volunteers, showing good
estimate of the average velocity with dynamic scans (bottom) even with some pulsatile flow
(top) in IJV.
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Fig. 3. Examination of non-selective inversion under different shimming conditions
a: positioning of the imaging slice for blood T1 measurement (solid orange line and red box)
and positioning of the imaging slices used to examine inversion quality for the top, middle,
and bottom of the brain (dashed orange lines). The green box is the local shimming box
covering both IJVs; b: ROI location for T1 measurements from both IJVs; c, d: Inversion
recovery images from the middle of the brain acquired at TI = 600 ms when using local 1st/
2nd order shims (c) and when using local 1st order shim only (d); e, f: inversion recovery
curves from the two ROIs with fitted T1s obtained with local 1st/2nd order shims (e) and
with local 1st order shim only (f). This shows the need for global shimming to allow proper
whole-volume NS inversion.
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Table 1

Variation of blood T1 measurements depending on TR and slice thickness (n = 6)

Blood T1 (ms) mean ± sd

TR = 5 s TR = 7.5 s TR = 10 s

THK = 5 mm 1900 ± 100 1841 ± 104 1827 ± 109

THK = 10 mm 1891 ± 137 1831 ± 111 1800 ± 92
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Table 2

Measured blood T1 values from the internal jugular veins of 24 adult subjects*.

subject T1, IJV (ms) subject T1, IJV (ms)

female:1 1919±32 male:1 1710±17

2 1983±29 2 1725±13

3 1841±31 3 1784±22

4 1911±18 4 1712±24

5 1913±16 5 1627±12

6 1980±24 6 1829±16

7 1819±21 7 1793±31

8 2019±52 8 1856±29

9 1970±25 9 1948±61

10 1896±30 10 1708±32

11 1928±35 11 1799±20

12 1906±20 12 1872±35

mean ± sd: 1924 ± 58 mean ± sd: 1780 ± 89

female and male data combined

mean ± sd: 1852 ± 104

*
The standard errors of the fitted T1, IJV are shown as the uncertainty of the results for each individual.
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